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A B S T R A C T
Bismuth ferrite (BiFeO3) is considered as one of the most promising materials in the field of multiferroics with
great potentials in photocatalysis due to their excellent properties of relatively small band gap, stable structures,
and low cost. In this work, a facile green route was successfully used for the fabrication of high-purity yttrium-
doped and undoped bismuth ferrite (BiFeO3) nanoparticles. κ-carrageenan seaweed was used as a biotemplate
for the construction of the material. The obtained products were characterized and the photocatalytic effect of
doped and undoped BiFeO3 were evaluated on the degradation of methylene blue (MB) under direct sunlight.
The formed particles are in the range of 80–90 nm that exhibited morphology of rhombohedral perovskite
structure as confirmed by FESEM and HRTEM analysis. Decreasing of band gap energy from 2.07 eV to 2.05 eV
as the concentration of yttrium dopant increased significantly affected their photocatalytic behaviour. There was
a remarkable improvement in the photocatalytic activity of 1% of yttrium-doped BiFeO3 towards the decom-
position of methylene blue (MB) under direct sunlight irradiation. This was attributed to the strong absorption of
visible light and the effective separation of photoinduced e− and h + pair, as compared to the pristine BiFeO3.
In addition, the influence of operational parameters on the removal efficiency of MB, such as catalyst dosage and
initial dye concentrations, was optimized as a function of time. The kinetics of the photocatalytic MB removal
was later found to follow Langmuir Hinshelwood model.
1. Introduction
Excessive amount of hazardous and toxic dyes being discarded into
water streams results in pollution of the environment and significant
health impacts on human beings [1]. During the recent years, hetero-
geneous photocatalyst has drawn considerable amount of attention as a
green technique with its potential to eliminate and remove organic dyes
from waste water. Furthermore, the emergence of various semi-
conductor photocatalysts, such as ZnO (3.18 eV) [2,3], TiO2 (3.2 eV)
[4,5] and CdS (2.34 eV) [6,7] has led to a marked progress in the field
of heterogeneous visible-light photocatalysis. However, the main dis-
advantages of these semiconductors are the limitations of their photo-
catalytic activity in UV regions which limits the utilization of solar light
since UV light represents less than 5% of solar light, photo corrosion or
the rapid recombination of the photogenerated electron-hole pair.
These result in the instability or less activity from the traditional
photocatalysts under direct sunlight. Hence, it is necessary to develop a
photochemically-stable photocatalyst and extend the photo response of
materials to work efficiently under direct visible-light irradiation.
Among the vast majority of the metal oxide semiconductors, a
rhombohedral distorted perovskite structure, which is known as BiFeO3
nanoparticles, has received a significant amount of attention in the field
of environmental remediation. This is due to its high photosensitivity at
narrow band gap with high excitation binding energy, non-toxicity, and
multiferroic properties at room temperature [5–8]. Since BiFeO3 pos-
sesses narrow band gap energy, it is responsive to a wide spectrum of
solar or visible light. Besides, its multiferroic behaviour is a con-
tributing factor for the recyclability of a photocatalyst.
In order to overcome the problems of its poor reproducibility and
poor ferroelectric behaviour that resulted from Bi volatilization, ex-
tensive works have been conducted in the synthesis of this chemical
compound ensuring no impurities detected [9–11]. Additionally, higher
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oxygen vacancy will affect the optical and photocatalytic properties of
BiFeO3. Nevertheless, the optical and photocatalytic properties of
BiFeO3 can substantially be improved by doping using rare earth metals
[8,12,13] or transition elements [12]. Furthermore, the recombination
of photogenerated electron-hole pairs could be inhibited by creating
electron-hole trapping centre within the lattice of the photocatalyst. To
illustrate this, several studies have reported that doping with rare earth
metals, such as cerium (Ce) [13], strontium (Sr) [14], gadolinium (Gd)
[15] and yttrium (Y) [16] will improve the optical properties as well as
the photocatalytic activity of BiFeO3 nanoparticles. Moreover, the en-
hancement of phase purity can also be achieved through the doping of
metal elements between the A or B site of the materials. For example,
Rai et al. [12] has reported that by substituting La3+ and Er3+ at the A-
site of BiFeO3, the perovskite phase is stabilized, and the volatilization
of Bi ions and the number of oxygen vacancies are reduced.
Due to the recently growing interest in greener routes for the con-
struction of functional materials, biotemplates are considered as good
components for it. This is because they possess preferable chelation
sites for the production of metal oxides nanoparticles. Recently [17], an
anionic brown seaweed known as the κ-carrageenan, has been suc-
cessfully utilised for directed growth of highly pure BiFeO3 nano-
particles by employing facile biotemplated technique. In fact, introdu-
cing doping by rare earth metal could improve BiFeO3's photocatalytic
efficiency by decreasing the particle size, increasing its surface area and
subsequently narrowing the band gap. During the photocatalytic pro-
cess, the dopant reduces the electron and hole pairs recombination by
trapping the photoinduced electrons within the optimum level [18]. In
this study, yttrium was chosen as the doping agent due to its smaller
ionic radii (1.04 Å), in comparison to the bismuth, (1.17 Å). Therefore,
yttrium may replace Bi3+ ions and result in the distortion and expan-
sion of the lattice crystal structure [19]. In addition, the optical prop-
erties and photocatalytic activity of biotemplated yttrium-doped and
undoped BiFeO3 nanoparticles were explored. The main aim of this
investigation was for the degradation of high concentration of methy-
lene blue (MB) dye under direct sunlight irradiation. As a result, it was
found that various percentages of yttrium dopant play an important
role in photocatalytic performance, and the best composition was
identified.
2. Experimental
2.1. Materials
The materials used for this investigation consisted of bismuth nitrate
pentahydrate (Bi(NO3)3.5H2O), iron nitrate nonahydrate (Fe
(NO3)3.9H2O), yttrium nitrate hexahydrate (Y(NO3)3.6H2O) salts with a
purity of more than 99%, and κ-carrageenan. These substances were
obtained from Sigma-Aldrich. Meanwhile, hydrochloric acid (HCl)
(37%), nitric acid (HNO3) (96%), sodium nitrate (NaNO3), and sodium
hydroxide (NaOH) pellets were provided by R&M Chemicals.
Methylene blue dye was purchased from QReC. Lastly, deionized water
was used throughout this work.
2.2. Preparation of undoped and yttrium-doped BiFeO3 nanoparticles
Firstly, Bi(NO3)3.5H2O and Fe(NO3)3.9H2O were weighed sepa-
rately and mixed with a molar ratio of 1:1.7. prior dissolved in 25mL
deionized water. Next, 2.0 g of κ-carrageenan were dissolved in 100mL
of distilled water and the precursor was added into κ-carrageenan so-
lution and stirred homogeneously, and the mixture was adjusted to pH
10 using NaOH (1.0 M). The mixture was heated at 80 °C under constant
stirring for 2 h then dried in an oven overnight for the removal of the
solvent. As the brown gel was obtained, it was calcined at 550 °C with a
heating rate of 5 °C/min for 2 h. The synthesis of the yttrium-doped
BiFeO3 was slightly like the synthesis of undoped BiFeO3, except that Y
(NO3)3.6H2O was added into Bi–Fe ionic solution prior heating. Finally,
the molarity of Y(NO3)3.6H2O, that added into the Bi–Fe solution were
varied with respect to the molarity of Bi(NO3)3.5H2O.
2.3. Characterization of nanoparticles
The dried powders of the undoped and yttrium-doped BiFeO3 na-
noparticles were characterized through X-ray diffraction (XRD) analysis
(Model BRUKER AXS D8 Advance X-ray diffractometer), which was
conducted using Cu-Kα X-ray source and sodium iodide (NaI) scintil-
lator type detector (λ=1.5406 Å). The XRD patterns were recorded at
2θ value, which ranged from 20° to 80°. Furthermore, the sample
morphology and chemical composition were examined using Scanning
Electron Microscopy (FESEM, Zeiss Leo Supra 50 VP Oxford
Instruments). This tool was equipped with an Energy Dispersive X-ray
spectroscopy (EDX) microanalyzer (INCA-X, Oxford Instruments).
2.4. Degradation of MB under direct sunlight
The photocatalytic activities of undoped and yttrium-doped BiFeO3
nanoparticles involved the investigation regarding the effects of cata-
lyst dosage, MB initial concentration, kinetic study, and regeneration
study. 50mL of dye solution was transferred into a series of Erlenmeyer
flasks. This was followed by the addition of catalyst dosage. Then, the
dye mixture, which contained the photocatalyst, was left under direct
sunlight during sunny days. The dates and duration taken for this
process were between March to May, and for 3 h, which was between
10 a.m. and 3.00 p.m. There was no adjustment made on the pH value
(pH 8). Between certain intervals, the solution was centrifuged, and the
residual dye concentration was analyzed at 664 nm using a UV–Vis
spectrophotometer. Lastly, a calculation was made on the amount of
dye adsorbed using the following equation:
=
−q C C V
m
( )
e
o e
(1)
Based on equation (1), qe (mg/g) represents the amount of the dye
adsorbed into the surface of solid materials. Co and Ce (mg/L) represent
the initial and the equilibrium concentrations of MB respectively.
Meanwhile, V (L) represents the volume of MB taken for each run. On
the other hand, m (g) represents the mass of the absorbent added into
the solution. The removal efficiency of the dye was determined by
following equation (2) [20]:
=
−Removal C C
C
(%) ( )100o e
o (2)
From this equation, Co and Ce (mg/L) are the same labels for the
parameters mentioned above. The experiments were conducted in tri-
plicates and the average values were used.
3. Results and discussion
3.1. Structural analysis of Y-doped and undoped BiFeO3
The XRD pattern of the yttrium-doped BiFeO3 (Y-doped BiFeO3),
which was synthesized using 2.0% of w/v κ-carrageenan was obtained
and compared to those of the pristine samples as presented in Fig. 1.
From the result obtained, both X-ray diffraction patterns displayed si-
milar peaks corresponding to the high purity of BiFeO3, regardless of
the amount of yttrium dopant added. An interesting finding of this
experiment was that the peak level of intensity at [110] plane decreased
with the increasing amount of Y dopant. This observation may have
resulted from the reduction of bismuth content, which was followed by
doping with yttrium ion. Furthermore, the volatilization of Bi3+ ions
created vacancy at A site, which led to this doping. It was indicated
from the changes in the intensity of the corresponding peak at [110]
that there was a reduction in the particle size of the rhombohedral
phase, as the percentage of dopant Y increased [16]. An exception was
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regarding the decrease in the [110] crystalline peak as it is the pre-
ferential crystallographic growth and orientation along that direction.
However, the introduction of dopant Y to BiFeO3, did not affect the
crystallite size, (Table 1).
3.2. Morphological and surface area analysis of Y-doped and undoped
BiFeO3
FESEM images in Fig. 2 indicate that the morphology of Y-doped
BiFeO3 had a rhombohedral shape with smaller particle sizes compared
to the morphology of the undoped nanoparticles. The decrease in the
grain size of the nanoparticles was attributed to the densification of
Y3+, which occupied the Bi3+ positions [16]. The particle size dis-
tributions and the standard deviation of the undoped and the Y-doped
BiFeO3 nanoparticles, which were prepared using 2.0% of w/v κ-car-
rageenan were presented in Table 1. The average particle sizes of the
undoped, which were 1%, 2%, and 5% of Y-doped BiFeO3, were de-
termined to be 96.8 ± 21, 89.7 ± 14, 104.3 ± 12, and
129.3 ± 42 nm, respectively.
Various surface area (SBET) of undoped and Y-doped BiFeO3 nano-
particles in the presence of 2% of w/v κ-carrageenan was followed by
the trend of 1% of Y-doped > 2% of Y-doped > undoped > 5% of Y-
doped. Furthermore, the addition of a small amount of yttrium in-
creased the surface area of the sample, due to the formation and dis-
tribution of the smaller particles, as shown in the FESEM analysis
(Fig. 2). The addition of 1% yttrium on BiFeO3 reducing the particle
size which in turn provides high surface area for active sites. This is due
to the “grain growth inhibition” effect of the dopant. It will be lowering
the grain size of particles as dopants often act to pin grain boundaries
and therefore limit the grain boundary mobility. Concentration of
maximum dopant increases with surface to volume ratio of the grain
and it is higher for nanosized grains. Above a given concentration of 1%
of yttrium, a new (dopant-rich) phase precipitates. Precipitation occurs
at lower dopant concentrations as grain size increases lead to larger
crystals obtained. Theoretically, the surface area of the samples will
affect the photocatalytic activity. Therefore, it was hypothesized that
the photocatalysts with smaller particle sizes will render high photo-
catalytic performance [21,22].
Besides, the band gap energy of the samples will be affected by the
photocatalysts with this particle size. The inverse relationship between
particles’ size and band gap was expected, as smaller particles had
larger surface area that illustrated in Table 1.
3.3. Optical properties of Y-doped and undoped BiFeO3
Based on Fig. 3, it is shown that the band gap energy was de-
termined based on the extrapolation of tangent line through the point of
inflection in diffuse reflectance spectroscopy absorption band. The ad-
dition of yttrium in the synthesis of BiFeO3 nanoparticles altered the
band gap energy of the nanoparticles (Table 1). The value of the band
gap energy decreased as the amount of yttrium increased. The decrease
in the band gap energy correlated with the decrease in the surface area
of BiFeO3 samples. As evidence, the smallest band gap energy was
owned by 5% of Y-doped BiFeO3, which also possessed the lowest
surface area among all the tested samples. A plausible explanation for
this effect was that the bulk defects induced a delocalization of the
conduction band edge. Other than that, the defects created shallow
traps in electronic energy, causing a red shift in the absorption spectra
[28]. Moreover, the decrease in the band gap value can also be ascribed
to the reduction of oxygen vacancies, which were located at BO6. It is
also ascribed to the suppressed tilt angle of the oxygen octahedral,
which increased the Fe–O–Fe angle [23]. This phenomenon also ex-
plained the larger band gap energy of 1% of Y–BiFeO3 in comparison to
that of the undoped BiFeO3. This is because the former sample had
smaller particle sizes, which rendered a higher surface area. From the
calculated band gap, it can be predicted that these nanoparticles can be
applied as photocatalyst in the degradation of dyes and organic mole-
cules under visible light.
3.4. FTIR spectra of Y-doped and undoped BiFeO3
In Fig. 4, the FTIR spectra, which corresponded to the samples
prepared in the presence of yttrium, was recorded within the range of
400–4000 cm−1. The fundamental absorption band for BiFeO3 was
found within the range of 400–700 cm−1. This corresponded to Fe–O
Fig. 1. XRD patterns of undoped and Y-doped BiFeO3 nanoparticles; (a) undoped, (b) 5%, (c) 2% and (d) 1% of Y-doped.
Table 1
Comparison of crystallite size, particle size, BET surface area, and band gap
energy of undoped and Y-doped BiFeO3.
Sample Crystallite size at
[110] plane (nm)
Particle size
(nm)
BET surface
area (m2/g)
Band gap
(eV)
Undoped BiFeO3 14 97 ± 21 8.86 2.07
1% Y–BiFeO3 14 90 ± 14 10.78 2.14
2% Y–BiFeO3 14 104 ± 12 10.19 2.08
5% Y–BiFeO3 14 129 ± 42 6.47 2.05
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and Bi–O bond vibrations [24]. Furthermore, the Fe–O bending and
stretching vibrations in the perovskite structure, which implied the
formation of BiFeO3, were observed at 420 cm−1 due to the internal
vibration of FeO6 octahedra [8]. Moreover, the absorption band, which
ranged from 500 to 650 cm−1 in Fig. 4, was assigned to Bi–O stretching
vibration in the strongly distorted BiO6 octahedral units. In addition, at
880 cm−1, the absorption band was originated from the symmetric
stretching vibrations of O–Bi–O in pyramidal BiO3 units [24]. It was
shown by the FTIR spectra of the Y-doped samples that Bi–O, Fe–O, and
O–Fe–O bands were slightly shifted towards the lower wavenumber
from 592 to 570 cm−1. The changes might be due to the structural
distortion, as discussed earlier in FESEM and XRD analyses.
Fig. 2. FESEM images and EDX of undoped and Y-doped BiFeO3 nanoparticles; (a) undoped, (b) 1%, (c) 2% (d) 5% of Y-doped, (e) EDX of undoped and (f) EDX of Y-
doped BiFeO3.
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Fig. 3. Direct band gap energy of (a) undoped, (b) 1%, (c) 2% and (d) 5% Y-doped BiFeO3 nanoparticles.
Fig. 4. FTIR spectra of (a) undoped and Y-doped BiFeO3 (b) 1%, (c) 2% and (d) 5% of Y-doped, which were prepared at pH 10 with Bi:Fe molar ratio of 1:1.7 using
2% of w/v κ-carrageenan, and calcined at 550 °C for 2 h.
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3.5. High-resolution transmission electron microscopy (HRTEM)
HRTEM image of the selected area of BiFeO3 nanoparticles was
obtained to confirm the crystallinity and lattice spacing of the as-pre-
pared BiFeO3 sample. As illustrated in Fig. 5, the interplanar spacing
corresponding to the [110] plane of the sample calcined at 550 °C was
found to be 0.281 nm and this value is in correlation with the experi-
mental findings from the XRD analysis. These results further confirmed
the formation of high purity BiFeO3 nanoparticles with high purity in
the synthesize BiFeO3 in the presence of κ-carrageenan.
3.6. Magnetic properties
To investigate the magnetic properties of the prepared BiFeO3 na-
noparticles, the magnetic hysteresis (M−H) loop of BiFeO3 was mea-
sured at room temperature and the result is shown in Fig. 6. BiFeO3 is
an antiferromagnetic system but it shows ferromagnetic properties at
room temperature [31]. The result confirmed that the BiFeO3 nano-
particles exhibited ferromagnetic ordering, as evidenced by the mag-
nified view of the M−H curves at lower applied field [29] which
showed that hysteresis appeared with a residual magnetic moment of
8.83× 10−2 emu/g and coercive field of 79.95 Oe when applied with a
magnetic field of 20 kOe. Nevertheless, the remnant magnetization of
this material is higher than that observed by Ref. [30], who reported
the value of 6.70×10−2 emu/g which may be attributed to the smaller
particle sizes of the nanoparticles produced.
3.7. Point of zero charge (PZC)
The pH level of point of zero charge (pHPZC) can be defined as the
pH level at which there is no net charges on the surface of the sample
[25]. Determining the pHPZC of the sample is crucial; in order to obtain
the amount of charges made on the surface of the sample at different pH
levels. At this point, it is essential to estimate the optimum pH level for
the degradation of MB. Furthermore, it was shown from the results that
the pHPZC of undoped, which amounted to 1%, 2%, and 5% of Y-doped
BiFeO3 ranged between 8.4 and 8.8. In the event where the pH value of
the solution was lower than pHPZC, the surface of the sample was po-
sitively charged, and the sites were protonated. This was due to the
excess H+ surrounding the surface of the photocatalyst. On the other
hand, when the pH level of the solution was higher than pHPZC, the
surface of the photocatalyst became negatively charged. Additionally,
Fig. 5. (a) HRTEM image, and (b) d-value interplanar spacing calculation of BiFeO3 nanoparticles prepared at pH 10 with Bi:Fe molar ratio of 1:1.7 using 2% w/v κ-
carrageenan and calcined at 550 °C for 2 h.
Fig. 6. M–H loop curve of BiFeO3 nanoparticles prepared at pH 10 with Bi:Fe molar ratio of 1:1.7 using 2% w/v κ-carrageenan and calcined at 550 °C for 2 h
measured at room temperature.
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the site had excess −OH ions, which could be counter-balanced by H+
molecule, which was fred from the photocatalyst surface.
3.8. Photocatalytic activity on methylene blue dye
The undoped and Y-doped BiFeO3, were prepared in the presence of
2% of w/v κ-carrageenan, were validated for the degradation of me-
thylene blue under sunlight. The validation was conducted through
various operational parameters, such as reaction time, catalyst dosage,
and the initial concentration of MB. It was expected that a good catalyst
exhibited high adsorption rate and capacity. In general, the rate of
photocatalytic activity was found to be faster at the beginning due to
the freely available active sites on the surfaces. However, the rate of
photocatalytic activity eventually became slower when the surfaces
became saturated. Furthermore, there was no further increase observed
in the removal efficiency of dye (MB) when the equilibrium state was
established. As discussed earlier, the effects of yttrium dopant in the
synthesized BiFeO3 nanoparticles resulted to a notable improvement in
the particles’ size, surface area, and band gap energy. Therefore, it was
predicted that the Y-doped BiFeO3 will render better photocatalytic
performance, in comparison to the photocatalytic performance of the
undoped BiFeO3. The effects of contact time on the photocatalytic de-
gradation of MB by the Y-doped BiFeO3, which were prepared in the
presence of 2% w/v κ-carrageenan, were studied, and the result is
presented in Fig. 7.
1% and 2% of Y-doped BiFeO3 exhibited better removal efficiencies,
as compared to the removal efficiencies displayed by the undoped
BiFeO3 as presented in Table 2. At the 120min, 92.6 and 88.0% of MB
were removed by 1% and 2% of Y-doped BiFeO3 respectively. On the
other hand, the removal efficiency for the undoped catalyst was 87.0%,
which was slightly lower. However, as the duration was extended to
180min, a comparable removal efficiency was observed for 1%, 2% of
Y-doped, and undoped BiFeO3, which amounted to 97.6, 95.7, and 96.9,
respectively. Nevertheless, 5% of Y-doped BiFeO3 exhibited a slight
decrease in the MB removal, with 85.2% of MB removed in 120min. In
addition, 94.5% of MB was removed in 180min. This outcome might be
attributed to the lower surface area of the 5% of Y-doped BiFeO3
(6.47 m2/g), which corresponded to the less active sites for the inter-
action between the surface of the photocatalyst and the MB molecules.
To determine the effects of catalyst dosage, optimum amount of
materials was investigated at an unadjusted pH level (pH 8) by varying
the amount of catalyst from 0.01 to 0.20 g at fixed MB solution con-
centration, 50mg/L. At an initial dose of 0.01 g, the MB removal effi-
ciency of undoped, 1%, 2%, and 5% of Y-doped BiFeO3 samples were
amounted to 61.9, 67.2, 58.5 and 56.9%, respectively as displayed in
Fig. 8. The percentage was further enhanced to 99% as the catalyst
dosage was increased to 0.2 g. The improvement can be explained due
to the increase in the number of active sites as the amount of the cat-
alyst increase [23]. The optimum amount of the catalyst for MB de-
gradation of 99% was 0.1 g for the 1% Y-doped BiFeO3, while the un-
doped, 2% and 5% Y-doped BiFeO3 required a slightly higher dosage of
0.15 g to show similar MB removal efficiency. In other words, it can be
concluded that the MB removal efficiency by 1% Y-doped BiFeO3 was
significantly higher as compared to that of the other three samples.
The effect of the initial concentration of MB (Fig. 9) was studied
within the range between 30 and 100mg/L, in 180min. This study was
conducted under direct sunlight without adjusting the pH level with the
optimum catalyst dosage, which was 0.1 g. At a low concentration level,
more MB was absorbed, as most of the active sites were unoccupied. As
the amount of MB increased, more MB molecules were absorbed into
the surface of the photocatalyst. However, there was a decrease in the
number of available active sites and a continuous increase in the
amount of MB molecules in the MB initial concentration. The increase
went on until it reached the maximum saturation level and the decrease
of removal efficiency [26].
From Figs. 9 and 100% degradation of MB was obtained through 1%
of Y-doped BiFeO3 with a concentration level up to 50mg/L. Mean-
while, 100% degradation obtained by undoped, 2% of Y-doped, and 5%
of Y-doped BiFeO3 were at 40mg/L. However, the removal efficiency
was reduced to 61%, when MB's initial concentration increased further
to 100mg/L. This indicated that at a higher MB concentration, there
Fig. 7. The effects of irradiation time on the removal of MB in aqueous solution,
using undoped and Y-doped BiFeO3 ([MB]o=50mg/L, 0.1 g catalyst and at
unadjusted pH).
Table 2
The removal efficiency of MB at 120 and 180min using undoped and Y-doped
BiFeO3, which were prepared using 2% of w/v κ-carrageenan ([MB]o=50mg/
L, 0.1 g catalyst and at unadjusted pH).
Sample Removal efficiency (%)
120min 180min
Undoped BiFeO3 87.0 ± 0.2 96.6 ± 0.1
1% Y–BiFeO3 92.6 ± 0.1 97.6 ± 0.1
2% Y–BiFeO3 88.0 ± 0.1 95.7 ± 1.7
5% Y–BiFeO3 85.2 ± 0.2 94.5 ± 0.1
Fig. 8. The effects of catalyst dosage on the removal efficiency MB
([MB]o=50mg/L, for 180min under direct sunlight at unadjusted pH).
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was an increase in the amount of catalyst surface needed. However, in
this study, since the irradiation time and catalyst dosage were constant,
there was a consistency in the OH• radicals, even though the MB con-
centration increased. Therefore, there were an insufficient number of
free radicals required to prevent the increasing number of MB mole-
cules, as the concentration increased [27].
3.9. Kinetic model
Langmuir–Hinshelwood (LH) kinetics model is the most commonly
used kinetic expression to illustrate the kinetics of heterogeneous
photocatalytic processes. The reaction of kinetics was expressed using
Fig. 9. The effects of the initial concentrations of MB on the removal efficiency of MB (180min under direct sunlight, 0.1 g catalyst, unadjusted pH).
Table 3
The rate constants and correlation coefficients, R2, for the degradation of MB in
aqueous solution by undoped and Y-doped BiFeO3, which were prepared in the
presence of 2% of w/v κ-carrageenan. ([MB]o= 50mg/L, 0.1 g catalyst and at
unadjusted pH).
Sample Rate constant, k (min−1) Correlation coefficients, R2
Undoped BiFeO3 0.0163 0.989
1% Y–BiFeO3 0.0170 0.979
2% Y–BiFeO3 0.0164 0.988
5% Y–BiFeO3 0.0163 0.981
Fig. 10. Langmuir Hinshelwood's kinetic model of undoped and Y-doped BiFeO3, which was prepared in the presence of 2% of w/v κ-carrageenan ([MB]o=50mg/L,
0.1 g catalyst and at unadjusted pH).
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equation (3):
=lnC
C
kt0 (3)
Based on this equation, C0 (mg/L), C (mg/L), and k (min−1) re-
present the dye concentration at time t= 0min, t (minute), and the
first-order rate constant, respectively. The rate constant, can be ob-
tained through a linear fit from the plot of ln C0/C versus irradiation
time. Then, the results are summarized in Table 3 and Fig. 10. Based on
the results, the addition of 1% of dopant Y to BiFeO3 in the presence of
2% of w/v κ-carrageenan significantly improved the rate of the pho-
tocatalytic degradation of MB. This process was a first order reaction.
1% of Y-doped BiFeO3 nanoparticles exhibited the highest photo-
catalytic degradation rate, with k value of 0.0170 min−1. Lastly, this
result ascribed to its smaller particles size (89.7 nm), and the larger
surface area, as discussed earlier in Section 3.1.
3.10. Recyclability of Y-doped and undoped BiFeO3
Further examination was made on the stability and recyclability of
the undoped and Y-doped BiFeO3 nanoparticles to ensure the materials
remained active for the next photocatalytic degradation cycle. In this
case, after the reaction was completed, the catalyst was separated from
the treated MB solution using an external magnet (Fig. 11). The catalyst
was then reused for the next photocatalytic reaction.
It is shown by the results in Fig. 12 that the removal efficiencies of
the undoped and Y-doped BiFeO3 nanoparticles remained above 90%
up to 4 consecutive cycles. However, the removal efficiencies of
Y–BiFeO3 remained 5%, which was lower. These results demonstrated
that the prepared undoped and Y-doped BiFeO3 had excellent potential
as photocatalyst under visible light. This is because they could be re-
peatedly used with an added advantage, which referred to the easy
separation of the catalyst. At the fifth cycle, the removal efficiency
decreased, to the point that it was close to 60%. This loss in efficiency
may be due to the weakening of the absorption capability of the cata-
lysts, or the leaching of the catalysts into the reaction medium during
the recovery process.
4. Conclusion
In conclusion, undoped and Y-doped BiFeO3 nanoparticles were
successfully synthesized using green and facile biotemplated technique.
Y-doped BiFeO3, with varying amount of dopant Y, consisted of dif-
ferent morphology and optical properties. As compared to the undoped
BiFeO3 with 96 nm particle size, the particle size of 1% of Y-doped
BiFeO3 was found to be 85 nm. The band gap energy of undoped BiFeO3
increased from 2.07 to 2.14 eV when 1% of Y dopant was added to
produce 1% of Y-doped BiFeO3. Furthermore, the total surface area of
BiFeO3 also increased from 8.86 to 10.78m2/g with the inclusion of 1%
of Y dopant. There was a significant improvement shown by Y-doped
BiFeO3 in photocatalytic activities. This is because 1% of Y-doped
BiFeO3 nanoparticles exhibited better photocatalytic efficiency, in
comparison to the undoped BiFeO3. This is where Y-doped BiFeO3 re-
quired less photocatalyst dosage (0.1 g) and shorter irradiation time
(120min). Moreover, the experiment showed that BiFeO3 photo-
catalysts were highly recyclable up to four consecutive cycles without
risking significant loss of their photocatalytic efficiencies. Besides, they
had the potential to be utilised as an efficient photocatalyst, to remove
various organic dyes and pollutants under naturally available sunlight.
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Abbreviation
A Absorbance
M Molar
Mb Methylene blue
pHpzc pH of point of zero charge
Y-doped Yttrium doped
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